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DNA topoisomerases resolve DNA topological prob-
lems created during transcription, replication, and
recombination. These ubiquitous enzymes are es-
sential for cell viability and are highly potent targets
for the development of antibacterial and antitumoral
drugs. Type II enzymes catalyze the transfer of a DNA
duplex through another one in an ATP-dependent
mechanism. Because of its small size and sensitivity
to antitumoral drugs, the archaeal DNA topoisomer-
ase VI, a type II enzyme, is an excellent model for
gaining further understanding of the organization
and mechanism of these enzymes. We present the
crystal structure of intact DNA topoisomerase VI
bound to radicicol, an inhibitor of human topo II,
and compare it to the conformation of the apo-pro-
tein as determined by small-angle X-ray scattering
in solution. This structure, combined with a wealth
of experimental data gathered on these enzymes,
allows us to propose a structural model for the two-
gate DNA transfer mechanism.
INTRODUCTION
Maintenance of DNA structure and topology integrity is essential
during DNA replication, transcription, recombination, and chro-
matin remodeling in all cells. Topoisomerases are known to relax
negative and/or positive DNA supercoils. A subset of them can
concatenate (or decatenate) and knot (or untie) circular DNA.
This is accomplished by two families of DNA topoisomerases,
which by transiently breaking one (type I) or two (type II) DNA
strands, catalyze the transfer of one or two strands through the
break (Champoux, 2001; Wang, 2002). As a consequence, com-
pounds which block the enzyme during breakage can generate
cytotoxic lesions, and some of these have been developed into
antimicrobial or anticancer drugs which are currently in use.
A combination of biochemical and structural studies on frag-
ments of type II DNA topoisomerases (topo IIs) has provided
evidence for various models of the reaction mechanism which360 Structure 16, 360–370, March 2008 ª2008 Elsevier Ltd All rightsare converging and now provide a useful basis for experimenta-
tion. However, they still contain many uncertainties which must
be addressed before the entire reaction scheme is understood.
According to these models, topo IIs first create double-strand
breaks in a DNA duplex (‘‘gate’’ or G segment) forming stable en-
zyme-DNA covalent intermediates. They subsequently separate
the broken ends of this G segment and assist the passage of
a ‘‘transfer’’ duplex (T segment) through the broken G segment
which is then resealed. This reaction depends on large-scale
conformational changes that are driven by ATP binding and
hydrolysis (Roca and Wang, 1992, 1994).
Topo IIs are grouped according to sequence similarities into
two subclasses: type IIA, which are found in all bacterial and eu-
karyotic organisms as well as in some viruses and archaea; and
type IIB, which are found in almost all archaea, plants, green and
red algae, and in a few bacteria (Bergerat et al., 1994, 1997; Har-
tung et al., 2002; Sugimoto-Shirasu et al., 2002; Forterre et al.,
2007). Bacterial topo IIAs such as DNA gyrase and topo IV are
A2B2 heterotetramers, whereas eukaryotic enzymes are homo-
dimers. The N- and C-terminal halves of the eukaryotic enzymes
are homologs of the B and A subunits of bacterial DNA gyrase,
respectively (Figure 1A; Berger et al., 1996; Champoux, 2001;
Wigley et al., 1991). To date, the type IIB subclass is only popu-
lated by topo VI, which is also organized as an A2B2 heterote-
tramer (Bergerat et al., 1994, 1997; both subunits will be referred
to as topo VI-A and topo VI-B hereafter). The topo VI-A subunit
is homologous to Saccharomyces cerevisiae Spo11, a protein
responsible for the generation of DNA double-strand breaks at
the initiation step of meiotic recombination (Keeney and Kleck-
ner, 1995; Bergerat et al., 1997; Keeney et al., 1997).
Mechanistically, topo VI differs from type IIA DNA topoisomer-
ase family members in two respects: first, topo VI strictly requires
ATP for DNA cleavage; second, DNA cleavage by topo VI gener-
ates two-nucleotide 50-protruding ends instead of four-nucleo-
tide overhangs for type IIA enzymes (Buhler et al., 2001). Despite
the lack of significant sequence homology between topo VI and
topo IIA family members, the two subunits of archaeal topo
VI share most functional domains with type IIA enzymes, empha-
sizing unforeseen evolutionary relationships between both sub-
classes (Figure 1A) (Corbett and Berger, 2003; Nichols et al.,
1999). Because topo VI is inhibited by anticancer drugs, it might
serve as a drug target model for eukaryotic type IIA enzymesreserved
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Open Conformation Structure of Topoisomerase VIFigure 1. DNA Topoisomerase Organization and Electron Density Maps
(A) Schematic representation of type II DNA topoisomerases.
(B) Experimental electron density map at 3.55 A˚ resolution (contour: 1s) overlaid on the final model. For clarity, only the Ca backbone is shown. Residues from
topo VI-A and topo VI-B are colored magenta and yellow, respectively.
(C) Refined 2Fo  Fc electron density map at 3.55 A˚ resolution (contour: 1s).(Bergerat et al., 1994). This view has recently been reinforced by
the discovery of radicicol as a new drug which is able to inhibit
both archaeal topo VI and human topo II (Gadelle et al., 2005,
2006).
Structures of fragments from type II DNA topoisomerases are
documented, and very recently the 4 A˚ resolution crystal struc-
ture of an intact archaeal topo VI became available (Corbett
et al., 2007). The crystal structure of the DNA-binding core
of Methanococcus jannaschii topo VI-A (fragment 69–369 and
referred to as topo VI-A0) revealed the presence of a catabolite
activator protein (CAP) -like domain and a C-terminal Rossmann
fold Toprim domain (Nichols et al., 1999). These two domains are
also present in type IA and type IIA DNA topoisomerases but with
different arrangements (Figure 1A). The topo VI CAP domain
contains the catalytic tyrosine, which is situated on a differentStructure 1secondary structure element compared to type IIA enzymes.
The Toprim domain contains a set of invariant acidic groups sup-
posed to be involved in metal binding. It is found in the central
92 kDa fragment of yeast DNA topo II (Berger et al., 1996) and
corresponds to the central region of domain I in Escherichia
coliDNA topo I. A subdomain of topo VI-A0 associates into a con-
tinuous b sheet to form a homodimer. In this topo VI-A0 dimer, the
arrangement of the DNA-binding and cleavage cores is very
different compared to E. coli DNA topo I and yeast DNA topo II.
The second crystallized topo VI fragment largely covers the
Sulfolobus shibatae topo VI-B subunit (residues 1–470 and
referred to as topo VI-B0). This subunit can be either monomeric
or dimeric (Corbett and Berger, 2003, 2005, 2006). Two of the
three domains from this subunit have structural homologs in
type IIA topoisomerases such as E. coli GyrB (Wigley et al.,6, 360–370, March 2008 ª2008 Elsevier Ltd All rights reserved 361
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Open Conformation Structure of Topoisomerase VI1991). The N-terminal domain belongs to the GHKL family of
ATPases (termed Bergerat fold) also present in Hsp90, MutL,
topo IIA, and histidine kinases, and is responsible for nucleotide
binding and hydrolysis (Wigley et al., 1991; Bergerat et al., 1997;
Ban and Yang, 1998; Dutta and Inouye, 2000; Corbett and
Berger, 2003). The C-terminal ‘‘transducer’’ domain is related
to the C-terminal domain from GyrB and MutL (Wigley et al.,
1991; Ban and Yang, 1998) and contains a 50 A˚ long a helix.
This domain is proposed to transfer the information from the
ATPase to the topoVI-ADNAbinding and cleavage sites.The third
domain, referred to as H2TH, connects the GHKL to the trans-
ducer domain. It seems to be unique to topo VI enzymes and its
role remains unknown.
Although the role and architecture of the individual topo VI
subunits are well understood, many aspects of their cooperation
and communication during the reaction cycle remain unclear.
The recently described 4 A˚ resolution structure of the intact
topo VI from Methanosarcina mazei (hereafter called Mm-topo
VI) combined with small-angle X-ray scattering (SAXS) experi-
ments on the S. shibatae topo VI holoenzyme and its ATP-bound
form shed some light on these aspects (Corbett et al., 2007). In
the crystal, topo VI adopts a rough-square closed form with a
central cavity that should accommodate both DNA duplexes.
The dimer of topo VI-A and both topo VI-B subunits are located
at the bottom and top of the enzyme, respectively. Here we pres-
ent the 3.55 A˚ resolution crystal structure of topo VI heterote-
tramer A2B2 from the archaeon S. shibatae (hereafter referred
to as Ss-topo VI) in complex with the radicicol inhibitor. This
structure reveals a much more open ‘‘V’’ shape compared to
the M. mazei holoenzyme. Our structure correlates well with
low-resolution data that we have obtained for the apo-protein
by SAXS. The presence of two copies of the heterotetramer in
the asymmetric unit with different conformations and the com-
parison with the Mm-topo VI structure suggest that a few key
residues could account for the flexibility necessary for a com-
plete reaction cycle.
RESULTS
Overall Crystal Structure
Isomorphous crystals of the Ss-topo VI A2B2 heterotetramer
were obtained either alone or in the presence of radicicol, a re-
cently identified topo VI inhibitor (Gadelle et al., 2005). Although
hundreds of crystals were tested for the apo form of topo VI, only
a few diffracted and none of the recorded data sets were of suf-
ficient quality to refine the structure of the apo form. However, we
were able to collect a good-quality data set (at 3.55 A˚ resolution)
from a crystal of SeMet-labeled topo VI grown in the presence of
radicicol. These data yielded experimental phases using the sin-
gle-wavelength anomalous diffraction (SAD) method (see exper-
imental electron density maps; Figure 1B). Model building was
greatly facilitated by the knowledge of individual high-resolution
structures of large fragments from both subunits (Nichols et al.,
1999; Corbett and Berger, 2006) that were fitted into the exper-
imental electron density map using the molecular replacement
program MolRep. Two copies of the Ss-topo VI A2B2 heterote-
tramer are present in the asymmetric unit, and a radicicol mole-
cule is bound to each topo VI-B. Refinement of the model in the
resolution range 203.55 A˚ yielded final R and Rfree factors of362 Structure 16, 360–370, March 2008 ª2008 Elsevier Ltd All right31.2% and 33.3%, respectively (statistics for data collection
and refinement are summarized in Table 1; the final 2Fo  Fc
electron density map is shown in Figure 1C).
Ss-topo VI adopts an open V-shaped configuration (140 A˚
tall and 200 A˚ wide; Figure 2A). The topo VI-A dimer provides
the base of the V and creates a positively charged central groove
at the dimer interface. The dimensions of this groove (20 A˚
wide, 20 A˚ deep, and 50 A˚ long; Figure 2A, right panel) would
allow it to bind a double-stranded DNA helix (20 A˚ diameter). The
long helix a11 of the topo VI-B subunits constitutes the arms of
the V, connecting the base with the ATPase domains at the
top. The latter are separated by 70 A˚, which is sufficient for the
passage of both the G and T DNA segments toward the A sub-
unit. The structures of the topo VI-A and topo VI-B subunits in
the intact Ss-topo VI are very similar to those previously deter-
mined either as individual subunits or from intact Mm-topo VI.
Topo VI-A is composed of two domains: the CAP domain en-
compassing residues 1–157 which harbors the catalytic Tyr106
and the Toprim domain containing a conserved Mg2+ binding
site (Figure 1A; residues 158–389; the ion is not visible in our
structure; Nichols et al., 1999). The topo VI-A homodimer config-
uration and the relative orientation of the CAP and Toprim
domains are the same for the S. shibatae, M. jannaschii, and M.
mazei orthologs (root-mean-square deviation [rmsd] of 1.95 A˚
Table 1. Data Collection Statistics
SAD
Data Collection
Resolution (A˚) 20.03.55 (3.63.55)
Space group P212121
Unit cell parameters a = 114.9 A˚; b = 200.5 A˚;
c = 329.1 A˚
Total number of reflections 460,374
Total number of unique
reflections
167,444
Rsym (%)
a 10.8 (52.4)
Completeness (%) 90.4 (75.6)
I/s(I) 8.1 (1.9)
Redundancy 2.7 (2.4)
Refinement
Resolution (A˚) 203.55
R/Rfree (%)
b 31.2/33.3
Rmsd bonds (A˚) 0.012
Rmsd angles () 1.308
Solvent content (%) 75
B Wilson (A˚2) 93
Mean B factor (A˚2) A subunit/B
subunit/radicicol
66/67/94
Ramachandran plot
Most favored (%) 73.8
Allowed (%) 26.2
Values in parentheses are for the highest-resolution shell.
a Rsym = ShSijIhi  < Ih >j/ShSiIhi, where Ihi is the ith observation of the
reflection h, while < Ih > is the mean intensity of reflection h.
b Rfactor = SjjFoj  jFcjj/jFoj. Rfree was calculated with a small fraction (5%)
of randomly selected reflections.s reserved
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Open Conformation Structure of Topoisomerase VIand 2.3 A˚ over 269 and 267 Ca atoms from M. jannaschii and M.
mazei, respectively; see Figure S1A in the Supplemental Data
available with this article online). Topo VI-B is made of three do-
mains (Figure 1A): the N-terminal ATPase domain (also termed
GHKL or Bergerat fold, residues 1–230), a small central domain
(residues 231–310) composed of two helices separated by two
turns and named H2TH (helix-two turns-helix), and the C-termi-
nal transducer domain (residues 311–530; Corbett and Berger,
2003). The present topo VI-B is structurally much closer to the
monomeric form of S. shibatae (either apo or in complex with
radicicol or ADP; rmsd of 1 A˚ over 450 Ca atoms) than to the ho-
modimeric AMPPNP-bound form (rmsd of 2.5 A˚ over 450 Ca
atoms; Corbett and Berger, 2003, 2005, 2006).
Previous structures of topo VI subunits were obtained from
truncated forms: the first 68 N-terminal residues of M. jannaschii
topo VI-A0 were missing (Nichols et al., 1999), as were 60 C-
terminal residues of the S. shibatae topo VI-B0 (Corbett and
Berger, 2003). Pull-down assays indicated that these fragments
do not interact with each other (Corbett and Berger, 2003). In the
present structure, the terminal peptides of both subunits are
mostly well defined and are located at the interface between
the two subunits. They constitute the main heterodimer contact
zone (1300 A˚2 of total solvent-accessible surface area is buried
by the interface; Figure 2B; Figures S2A and S2B). Almost half
of the 68 N-terminal residues of topo VI-A participate in the for-
mation of an a helix and two short b strands (yellow in Figure 2B
and Figures S2 and S3) that pack against helices a2–a4 from the
topo VI-A CAP domain (red in Figure 2B). Among the C-terminal
residues missing in the Ss-topo VI-B structure, residues 471–485
extend helix a11 of the transducer domain (75 A˚ long) and
residues 492–508 form helix a12 that packs in an antiparallel
way against helix a11 (magenta in Figure 2B and Figure S2A).
At the heterodimer interface, helices a11 and a12 from topo
VI-B as well as helices a1 and a2 and the long loop connecting
a3 to a4 from topo VI-A pack into a tight helical bundle (Fig-
ure 2B). In addition, helix a12 of topo VI-B interacts with the loops
connecting a1 to b1 and b2 to a2 from topo VI-A. This interface
is mainly hydrophobic (Phe25, Leu26, Leu32, Pro37, Leu71, Leu73,
Met80, and Tyr90 of topo VI-A and Leu469, Tyr471, Leu472, Tyr474,
Leu482, Phe485, Leu486, and Leu508 of topo VI-B, as well as
the aliphatic parts from charged residues; Figures S2B, S3,
and S4).
Evidence for High Flexibility
The presence of two Ss-topo VI A2B2 heterotetramers in the
asymmetric unit of the crystal offers the opportunity to investi-
gate whether different conformations of the enzyme have been
trapped in the crystal. Superposition of both copies (rmsd of
0.1 A˚ if only topo VI-A dimer is considered and rmsd of 1.7 A˚
over 1670 Ca positions if the whole heterotetramer is consid-
ered; Figures 2E and 2F) on the topo VI-A homodimers reveals
a slight but significant variation of the relative position of the
topo VI-B subunits. Because of a differential bend near Lys450
of the long a11 helices from the transducer domains, the position
of the topo VI-B ATPase domains shifts up to 20 A˚ between both
copies of the heterotetramer (Figures 2E and 2F). We conclude
that the long transducer helix a11 is flexible and identify Lys450
as a hinge residue (Figure 2C). The corresponding helix in the
truncated topo VI-B0 fragment (Corbett and Berger, 2003) wasStructure 1straight, but in GyrB structures it is kinked in the middle, making
an angle of 75 (Lamour et al., 2002; Wigley et al., 1991).
Changes in helix bending have also been observed between
the crystal structures of the open and closed forms of the
DNA-binding and cleavage core of yeast topo II (Berger et al.,
1996; Fass et al., 1999). Taken together, these observations sup-
port the notion that topo II enzymes are highly dynamic and allow
us to propose that the region around Lys450 from Ss-topo VI-B is
functionally important for DNA relaxation.
The Topo VI Apo and Radicicol-Bound Forms Are Similar
Type II DNA topoisomerases, Hsp90 chaperones, and MutL all
share a GHKL-type ATP-binding domain. This domain in
Hsp90 is currently targeted for drug development (Roe et al.,
1999). Our topo VI structure was obtained in complex with radi-
cicol, an inhibitor of both Hsp90 and topo IIs (human topo II and
topo VI; Gadelle et al., 2005, 2006). We have measured the dis-
sociation constant (Kd) of radicicol for both intact Ss-topo VI and
topo VI-B0 using isothermal titration microcalorimetry measure-
ments at 22C. The curves showed stoichiometric binding of
the inhibitor with a Kd of 2–2.3 mM (Figure S5), which is therefore
much weaker than with Hsp90 (Kd = 19 nM; Roe et al., 1999). This
100-fold difference in affinity correlates well with the fact that
radicicol inhibits Hsp90 ATPase activity about 1000-fold more
efficiently than it does for Ss-topo VI-B (Corbett and Berger,
2006). The drug binds to the ATPase site of intact topo VI exactly
as observed for topo VI-B0 and hence its binding mode to intact
topo VI will not be described here, as the resolution of the topo
VI-B0-radicicol complex was significantly higher (2 A˚; Corbett
and Berger, 2006). Crystal structures of topo VI-B0 complexes
and crosslinking experiments have shown that, contrary to
ATP or its nonhydrolyzable analog AMPPNP, radicicol does
not induce dimerization. In the present A2B2 topo VI heterote-
tramer bound to radicicol, the topo VI-B ATPase domains are
also monomeric, 70 A˚ apart from each other (Figure 2A). These
structural data explain how radicicol inhibits topo VI: it competes
with ATP binding and prevents dimerization of the topo VI-B
subunit.
Ss-topo VI adopts a very open configuration, with the topo
VI-B subunits at the ends of the V-shaped arms (Figure 2A). It
is known that type II DNA topoisomerases open and close during
their reaction cycle, and the present configuration therefore
represents the ‘‘resting’’ state. In order to establish whether or
not the crystal structure corresponds to the configuration of
the apo-protein in solution, we have further investigated its con-
formation by SAXS measurements. The final, merged, scattering
pattern is shown in Figure 2D (see Experimental Procedures for
details). The radius of gyration value derived from the pair distri-
bution function is 62.2 ± 0.3 A˚, close to the value of 62.0 ± 0.5 A˚
obtained from the Guinier law. The intensity at the origin corre-
sponds to a molecular mass of 220 kDa, in agreement with the
mass of the A2B2 heterotetramer derived from the amino acid se-
quence (210 kDa). Therefore, the topo VI solution used for these
measurements appears to be monodisperse. The pair
distribution function has a strongly bimodal appearance with
a maximal diameter of 208 ± 5 A˚ and two peaks centered on
44 and 120 A˚ (Figure S6). Such a bimodal distribution is generally
indicative of at least two domains separated by an average
distance on the order of the larger value. These values correlate6, 360–370, March 2008 ª2008 Elsevier Ltd All rights reserved 363
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Open Conformation Structure of Topoisomerase VIFigure 2. Structure of the S. shibatae Topo VI Enzyme
(A) Ribbon representation of the S. shibatae topo VI A2B2 heterotetramer. One AB heterodimer has the same domain coloring scheme code as in Figure 1A. The
radicicol drug bound to topo VI-B is shown in yellow space filling. Left and right panels are related by a 60 rotation.
(B) Ribbon representation of the topo VI-A/topo VI-B interface. Parts of the peptide chain that were missing in the previous individually crystallized topo VI-A0 and
topo VI-B0 subunits are in yellow and magenta, respectively (Corbett and Berger, 2003; Nichols et al., 1999). Residues already present in topo VI-A0 and topo VI-B0
crystal structures are colored red and green, respectively.
(C) Superimposition of the four AB heterodimers present in the asymmetric unit onto their 5Y-CAP domains.
(D) Experimental SAXS pattern with associated error bars (representing one standard deviation). Inset: surface representation of the most typical ab initio model
derived from the experimental scattering curve using Gasbor (see main text for details).
364 Structure 16, 360–370, March 2008 ª2008 Elsevier Ltd All rights reserved
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Open Conformation Structure of Topoisomerase VIwell with the dimensions of the topo VI in the crystal structure
(140 A˚ height and 200 A˚ wide).
Ab initio models of the protein envelope were obtained using
the program Gasbor (Svergun et al., 2001). All of these models
yield good fits to the data and exhibit three globular domains
linked by thinner regions but with a somewhat variable arrange-
ment, as testified by the relatively large normalized spatial
discrepancy values (z2) when superimposed using Supcomb
(Kozin and Svergun, 2001). Most of the ab initio models exhibit
a V-like shape, which is compatible with the global conformation
of the crystal structure (Figures 2A and 2D). We then proceeded
with calculating the scattering pattern using the atomic coordi-
nates of the crystal structure. The resulting curve, although close
to the experimental data, exhibits significant differences (see the
Supplemental Data). These can be accounted for in two ways.
First, the molecule could adopt a conformation in solution with
the two topo VI-B subunits in a different mutual orientation and
globally somewhat closer than in the crystal. Alternatively, as
shown from the comparison of both heterotetramers present in
the crystal structure (see above), the molecule could be flexible
and explore in solution an ensemble of conformations that are
on average closer than the crystal structure (see the Supplemen-
tal Data).
Altogether, these solution experiments conducted in the
absence of radicicol clearly show that the conformation of the
radicicol-topo VI complex trapped in the crystal very likely corre-
sponds to the apo form of the enzyme ready to be loaded by
a DNA duplex. In addition, they support the notion of intrinsic
flexibility for this enzyme as previously proposed for other type
II DNA topoisomerases (Maxwell, 1996; Berger, 1998).
DISCUSSION
We present here the structure of intact Ss-topo VI at a resolution
of 3.55 A˚. Together with the recently determined structure of the
Mm-topo VI (Corbett et al., 2007), this provides structural infor-
mation on intact type II DNA topoisomerases, which is crucial
for the understanding of their mechanism. Although the A and
B subunits of the two orthologs are very similar, there are consid-
erable differences in their relative spatial positions within the het-
erotetramer. Therefore, these structures represent two snap-
shots of configurations adopted by topo VI during the strand
passage cycle. Ss-topo VI in complex with radicicol, a competi-
tive inhibitor of ATPase activity, shows a wide open ‘‘V’’ shape
configuration with the topo VI-B subunits at the end of the
arms and a topo VI-A dimer at the base. Studies of the apo
form of Ss-topo VI by SAXS (our study and Corbett et al.,
2007) indicate that (1) the conformation of the protein in solution
is similar to that of the radicicol complex present in the crystal;
and (2) the protein displays significant flexibility. These results
are in line with previous data on type IIA DNA topoisomerase
fragments (GyrA and yeast topo II) obtained either by crystallog-
raphy, SAXS, or electron microscopy, which led to the conclu-
sion that type II DNA topoisomerases are highly flexible and
undergo significant rearrangements during their catalytic cycle(Benedetti et al., 1997; Berger et al., 1996; Champoux, 2001;
Costenaro et al., 2005, 2007; Schultz et al., 1996; Wigley et al.,
1991). In parallel to our work, Berger’s group has solved the
crystal structure of Mm-topo VI holoenzyme to 4 A˚ resolution
(Corbett et al., 2007). The comparison between the two intact
topo VI structures now sheds light on many previously specula-
tive aspects of the type II DNA topoisomerase mechanism. We
will now be able to start investigating important questions such
as (1) how do the ATPase and DNA cleavage domains commu-
nicate and (2) what are the mechanical events that drive DNA
cleavage and transfer of the DNA T segment through the G
segment?
The superposition of the dimeric cores of Mm-topo VI and
Ss-topo VI (rmsd = 1.6 A˚ over 167 Ca atoms) shows that
Mm-topo VI adopts a partially closed conformation compared
to the widely open form seen for Ss-topo VI (Figure 3A). Whereas
in Ss-topo VI, the topo VI-B subunits are at a distance of 70 A˚, in
Mm-topo VI they are in contact and form the roof of the internal
DNA-binding cavity. The topo VI-B dimer in Mm-topo VI buries
much less accessible surface area and is significantly different
from the Ss-topo VI-B AMPPNP-induced homodimer (Corbett
and Berger, 2003). Hence, the structure of Mm-topo VI likely
corresponds to an intermediate state between the completely
open conformation of Ss-topo VI and a tight ATP-bound topo
VI-B dimer. Superposition of the transducer domains of Mm-
topo VI and Ss-topo VI shows that closure of topo VI-B partially
results from the bending of their a11 helices. Near the core of the
B subunits, helix a11 starts to deviate at Lys458 from Mm-topo
VI-B, homologous to Lys450 from Ss-topo VI-B (Figure 3B). This
residue is a Lys or Arg in most topo VI-B sequences. Superposi-
tion of the four AB heterodimers present in the asymmetric unit in
Ss-topo VI (see Results and Figure 2C) shows that the bending of
the a11 helix begins at the stem of the stalk that leads to the A
subunit. These observations suggest that this position could
be a hinge involved in the opening and closing of the central
space during the reaction cycle.
A second region of variation between the two structures con-
cerns the interface between topo VI-A and topo VI-B (Figure 3C).
Upon superposition of their topo VI-A subunits, helices a2 and a4
from topo VI-A and the 12 C-terminal residues from helix a11
from topo VI-B match well, whereas helices a1 (topo VI-A) and
most of helix a11 as well as helix a12 (topo VI-B), which both
pack against helix a2, do not. The directions of helices a11
diverge at residue Ile476, creating an angle of 30 between the
stalks that carry the GHKL domains. These different directions
of the stalks are the main reason why the central cavity is com-
pletely open in Ss-topo VI and closed by B subunit contacts in
Mm-topo VI. Thus, we suggest that the heterodimer interface
is flexible and changes its configuration during the reaction
cycle, for instance by sliding the two subunits during opening
and closing of the central cavity. One cannot exclude the possi-
bility that the observed variations at the interface reflect se-
quence variability between the topo VIs. In particular, the topo
VI-B subunit from Mm-topo VI has an additional C-terminal
domain that is only found in a small group of archaeal topo VI(E) Superposition onto the topo VI-A homodimer of the two copies of the A2B2 topo VI heterotetramer present in the asymmetric unit (yellow and red). The rotation
angles needed to superpose the ATPase domains of both copies are indicated.
(F) Same representation as (E) but rotated by 90.
Structure 16, 360–370, March 2008 ª2008 Elsevier Ltd All rights reserved 365
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Open Conformation Structure of Topoisomerase VIFigure 3. Comparison with Mm-Topo VI
(A) Stereo view representation of the superposition of Mm-topo VI (gray) onto Ss-topo VI (A subunits in green and magenta; B subunits in blue and yellow).
(B) Superposition of transducer domains of Mm-topo VI-B (gray) and Ss-topo VI-B (blue). The longitudinal axis of helix a11 from Mm-topo VI-B is depicted by
dashed lines. Lys450 from Ss-topo VI-B and Lys458 from Mm-topo VI-B are shown as sticks.
(C) Stereo view representation of the superposition of the Mm-topo VI (gray) and Ss-topo VI heterodimer interface (topo VI-A and topo VI-B colored green and
blue, respectively).
(D) Ribbon representation of the superposition of the experimentally determined open (same color code as in Figure 2A) and modeled closed (gray) forms of topo
VI. The orientation is the same as in the left panel of Figure 2A.
(E) Ribbon representation of two views of a model for the ATP-bound form of topo VI. Topo VI-A on the right has the same orientation as in (A). This form was
modeled in three steps. First, the f/c angles from residues of the hinge region (Ser157–Glu159) connecting the 5Y-CAP and Toprim domains of topo VI-A were
modified so as to bring both catalytic Tyr106s within a 20 A˚ distance. Second, the structure of the AMPPNP-topo VI-B0 complex was superposed onto both
topo VI-Bs of the heterotetramer using the transducer domain as reference. Finally, f/c angles from topo VI-B residues Arg449–Lys452 were modified so as to
obtain a topo VI-B homodimer similar to the one observed for topo VI-B0 in the presence of AMPPNP.enzymes (methanococcus, halobacteria, and archeoglobus) and
hence absent in Ss-topo VI. This domain abuts the C-terminal
helix a12 of the transducer domain and helix a1 from topo
VI-A, two secondary structure elements that undergo the largest
shifts between Mm- and Ss-topo VI structures.366 Structure 16, 360–370, March 2008 ª2008 Elsevier Ltd All rightsThe overall architecture of topo VI is reminiscent of the spatial
disposition of domains in the Hsp90 chaperone family. Eukary-
otic Hsp90 is required for cell viability and is responsible for
the assembly and regulation of many signaling systems (for a re-
view, see Pearl and Prodromou, 2006). These chaperones arereserved
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Open Conformation Structure of Topoisomerase VIcomposed of an N-terminal GHKL domain that binds ATP and
whose ATPase activity is inhibited by radicicol, a central domain
with structural similarity to GyrB/topo VI-B transducer domains,
and a homodimeric C-terminal domain (Ali et al., 2006; Pearl and
Prodromou, 2006; Shiau et al., 2006). The wide-open V shape
adopted by Ss-topo VI was also observed for the apo form of
HtpG, a bacterial Hsp90 ortholog with the base generated by
the homodimerization of both C-terminal domains and the
arms by the middle and GHKL domains (Shiau et al., 2006; Fig-
ures S7A and S7B). The reaction cycle of these chaperones is
characterized by large conformational changes accompanying
ATP binding and hydrolysis, further highlighting mechanistic
similarities with DNA topoisomerases.
With the availability of two structures of intact topo VI in differ-
ent configurations (i.e., open and almost closed), we can now
propose a more precise hypothesis on the various steps of the
reaction cycle at the molecular level. In order to model the closed
central cavity, we have replaced the topo VI-B subunits from in-
tact Ss-topo VI by the dimer of the AMPPNP-topo VI-B0 complex.
We propose that three hinge regions (one in topo VI-A and two in
topo VI-B) are sufficient to allow topo VI to switch from an open
form to an ATP-induced closed form (Figure 3D).
According to SAXS measurements, our crystal structure
corresponds to the open apo conformation in solution before
loading of the DNA G segment. The large distance (70 A˚) be-
tween the topo VI-B subunits allows passage of the G segment
to bind into the positively charged groove at the topo VI-A dimer
interface (dimensions 20 A˚ wide, 20 A˚ deep, and 50 A˚ long
in the intact Ss-topo VI; Figure 2A). The T segment that will be
transferred through the cleaved G segment enters the central
space subsequently (Figure 4). This is followed by nucleotide-
induced topo VI-B dimerization, and it is likely that the structure
of Mm-topo VI provides a snapshot of topo VI on its way toward
the closure of the central hole. The topo VI-A homodimers of
Ss-topo VI and Mm-topo VI are identical, and partial closing of
Figure 4. The Topo VI Catalytic Cycle
G and T DNA segments are represented in gray
and orange. Topo VI-B subunits are in blue and
yellow, while topo VI-A subunits are in green and
magenta.
the central cavity greatly relies on local
kinking of the a11 transducer helix near
Lys450 and Ile476 (S. shibatae numbering;
Figures 2C, 3B, and 3C). Complete clo-
sure of the central space requires ATP
binding (Corbett and Berger, 2003).
Nucleotide binding to topo VI-B0 in-
duces homodimerization and causes
movement of the distal end of the con-
necting helix a11 over 15 A˚ (Corbett and
Berger, 2003). Topo VI-B and the 5Y-
CAP from topo VI-A form a large and
dense heterodimer interface (buried ac-
cessible area of 2615 A˚2) and therefore
probably do not dissociate during the
reaction cycle. The catalytic tyrosine res-
idues of the two topo VI-A subunits are approximately 40 A˚ apart
in the apo form of topo VI, which is far too distant to be spanned
by the two-nucleotide-protruding substrate 50 ends of the
cleaved DNA (22 A˚). We expect that the 5Y-CAP domain (har-
boring the catalytic Tyr) and the topo VI-B subunit will move in
concert upon ATP-induced GHKL dimerization, bringing the
two catalytic tyrosines near the scissile phosphate bonds of
the G segment. The 5Y-CAP/Toprim interface is loosely packed,
allowing 5Y-CAP to dissociate and adopt a catalytically compe-
tent conformation (Figure S1B). Such flexibility is suggested by
superposition of the M. jannaschii and S. shibatae topo VI-A sub-
units, which shows a slight difference in the elbow angle between
the 5Y-CAP and Toprim domains. The hinge of this movement is
located at Lys158 (S. shibatae numbering) in the connection
between helix a4 and strand b3 (Figure S1A). By modeling, we
noticed that a modification of the f/c angles (total rotation of
32) of certain residues (from Ser157 to Glu159) in the hinge region
between the 5Y-CAP and Toprim domains would reposition 5Y-
CAP in a way that (1) drastically shortens the distance between
the two catalytic Tyr106 residues and (2) approaches Tyr106
from one protomer to the Toprim metal binding site of the oppos-
ing protomer to within 6 A˚. Toprim-bound metal ions have been
shown to be essential for the catalytic activity of type IA and type
II DNA topoisomerases, and mutation of this metal binding site
results in decreased affinity of topo VI-A0 for DNA (Nichols
et al., 1999). Hence, the metal binding site was proposed to
act in synergy with the cleaving tyrosines.
At this stage of the catalytic cycle, the two DNA duplexes are
trapped inside the enzyme, and the DNA T segment makes an
angle of approximately 45 with the G segment. After cleavage,
the G segment remains covalently attached to both topo VI-A
monomers and several events might drive the transfer of the
T segment through the G segment. First, the central cavity is
not large enough to accommodate comfortably both the G and
T DNA duplexes (Figure 3E; Figure S8). Therefore, T DNA capture
Structure 16, 360–370, March 2008 ª2008 Elsevier Ltd All rights reserved 367
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Open Conformation Structure of Topoisomerase VImight induce stress and destabilize the topo VI-A homodimer
(which has a significantly lower interface area than the topo
VI-B ATP-induced homodimer, 2260 A˚2 versus 3200 A˚2), whose
opening is the next necessary step for T DNA passage. Second,
the roof of this cavity (made by topo VI-B) is rather negatively
charged and will repel the DNA T segment. Third, from kinetic
measurements on ATP-catalyzed strand passage in yeast topo
II, it was suggested that the ATP binding sites are not equivalent,
with one ATP hydrolyzed prior to transfer of the T segment
and the second only after completion of the catalytic cycle
(Baird et al., 1999). In addition, dissection of ATP turnover by
S. shibatae topo VI-B0 has shown that upon ATP hydrolysis
and phosphate release, the topo VI-B0 ADP form switches from
a restrained form (similar to the ATP form) to a relaxed one
(similar to the apo form; Corbett and Berger, 2005). In the topo
VI heterotetramer, hydrolysis of ATP in one topo VI-B could
lead to its relaxation and the opening of the tight topo VI-A dimer.
Passage of the T segment through the G segment would reduce
steric hindrance and charge repulsion between the DNA T seg-
ment and topo VI-B. The latter subunit could then switch back
to the restrained form for resealing the DNA G segment. The
hydrolysis of the second ATP molecule would finish the cata-
lytic cycle and bring topo VI back into the initial open state
(Figure 4).
In conclusion, topo VI adopts an open V-shaped configuration
for both the apo (solution) and radicicol-bound (crystal) forms. As
type IIB topo VI shares most of the functional domains with type
IIA enzymes, the proposed mechanism of DNA duplex transfer
can be generalized to all type II DNA topoisomerases. The pres-
ent structure of intact Ss-topo VI and its comparison to the
recently published structure of Mm-topo VI provide new insights
into the general mechanism for the transfer of one DNA duplex
through another. As type II enzymes are attractive targets for
drug development, these results should be useful for better char-
acterization of the mechanism of action of different drugs. Finally,
several mechanistic issues about type II DNA topoisomerases
remain to be resolved. In particular, how the mechanics of strand
breakage, DNA passage, and ATP hydrolysis are coordinated is
still an open question whose answer will require structural infor-
mation on complexes of the intact enzyme with ATP and DNA
fragments.
EXPERIMENTAL PROCEDURES
Expression and Purification
The DNA topoisomerase VI heterotetramer (topo VI) from the archaeon
S. shibatae was expressed as previously described (Buhler et al., 2001). The
induced cells were harvested and resuspended in 20 mM HEPES (pH 7.5),
600 mM KCl, 20 mM imidazole. After sonication and centrifugation, the super-
natant was heated for 10 min at 65C followed by 10 min on ice. After a supple-
mentary centrifugation step, the His-tagged protein was purified by a two-step
chromatography protocol: an Ni2+ affinity column (Ni-NTA agarose, QIAGEN)
followed by a heparin column. The protein bound on the Ni-NTA column was
eluted by 20 mM HEPES (pH 7.5), 200 mM KCl, 150 mM imidazole and then
loaded onto a 5 ml HiTrap heparin column (Amersham Biosciences) preequili-
brated with 20 mM HEPES (pH 7.5), 200 mM KCl. Topo VI was eluted by a linear
gradient from 200 mM to 1 M KCl. The labeling of the protein with SeMet was
conducted as described (Hendrickson et al., 1990). The homogeneity and
SeMet labeling of topo VI was checked by SDS-PAGE and mass spectrometry.
The topo VI-B0 fragment (residues 1–470) fused to a C-terminal His tag was
purified as described above for full-length topo VI.368 Structure 16, 360–370, March 2008 ª2008 Elsevier Ltd All righIsothermal Titration Microcalorimetry
ITC experiments were performed in 20 mM HEPES (pH 7.5), 50 mM KCl at
22C with a VP-ITC isothermal titration calorimeter (Microcal). The interaction
of topo VI or topo VI-B0 (fragment 1–470) with radicicol was titrated through
a series of 50 injections of 5 ml radicicol (530 mM, 4 ml for the first 5 injections
in the case of topo VI), at an interval of 5 min, into a solution containing either
17 mM topo VI or 26.4 mM topo VI-B0 (stirring at 310 rpm). Reference experi-
ments were performed by injecting radicicol into a cell containing buffer with
no protein. Reference values were subtracted from the sample values (radici-
col injected into topo VI solution). A theoretical titration curve was fitted to the
experimental data using ORIGIN software (Microcal). This software uses the
relationship between the heat generated by each injection and DH (enthalpy
change in kcal mol1), KA (the association binding constant in M
1), n (number
of binding sites per monomer), total protein concentration, and free and total
ligand concentrations.
Crystallization and Resolution of the Structure
Radicicol was added (from a 100 mM stock in DMSO) to SeMet-labeled topo VI
(4 mg/ml) in 20 mM HEPES (pH 7.5), 50 mM KCl buffer to a final concentration of
1 mM. The mixture was incubated at room temperature for 30 min before crystal
trays were set up. Crystals were obtained at 293K using the hanging-drop
vapor-diffusion method by mixing 1 ml of protein with an equal volume of precip-
itant (25 mM sodium acetate [pH 4.6], 50 mM ammonium sulfate, 6.6% PEG-
MME-2000, 10% glycerol). For data collection, crystals were transferred in the
mother liquor containing 20% glycerol prior to flash-cooling in liquid nitrogen.
Single-wavelength anomalous dispersion (SAD) data at the Se edge at 3.55 A˚
resolution was recorded on beamline ID23-EH1 (ESRF, Grenoble, France).
The structure was determined by the SAD method using the anomalous
signal from the Se element. Data were processed using the XDS package
(Kabsch, 1993). The space group was P212121 with two topo VI heterote-
tramers per asymmetric unit corresponding to a solvent content of 75%.
Thirty-seven out of the 56 expected Se atom sites were found with the program
SHELXD in the 20–6 A˚ resolution range (Schneider and Sheldrick, 2002).
Refinement of the Se atoms and phasing were performed with the program
SOLVE (Terwilliger and Berendzen, 1999) at 4.5 A˚ resolution. Phase extension
to 3.55 A˚ resolution and density modification were performed with the program
RESOLVE (Terwilliger, 1999). The coordinates of the S. shibatae topo VI-B
bound to radicicol (residues 10–470; Corbett and Berger, 2006) and of a homol-
ogy model built from the coordinates of the 69–369 fragment of M. jannaschii
topo VI-A (33% sequence identity; Nichols et al., 1999) were located by molec-
ular replacement in the experimental electron density maps using the MolRep
program (Vagin and Isupov, 2001). This partial model was refined using
REFMAC (Murshudov et al., 1997) and rebuilt with the TURBO molecular mod-
eling program (http://afmb.cnrs-mrs.fr/rubrique113.html). The quality of the
electron density maps allowed us to rebuild most of the residues that were
missing in the structures of topo VI individual subunits. Refinement was con-
ducted within the 203.55 A˚ resolution range using tight noncrystallographic
symmetry restraints and TLS as implemented in REFMAC (Winn et al., 2001).
Most of the residues are well defined in the electron density and fall within
the allowed regions of the Ramachandran plot as defined by the program
PROCHECK (Laskowski et al., 1993). The regions 1–9, 45–65, 119–125, and
280–284 from all four topo VI-As and 1–13 and 520–530 from all four topo
VI-Bs have been omitted from the final model because they are not defined
in the 2Fo  Fc electron density map. Statistics for the data collection and
refinement are summarized in Table 1. The atomic coordinates and structure
factors have been deposited in the Brookhaven Protein Data Bank under ID
code 2ZBK.
Small-Angle X-Ray Scattering
SAXS patterns were recorded on the undulator beamline ID02 at the ESRF
(Grenoble, France; Narayanan et al., 2001) using a CCD detector with an
X-ray image intensifier (Pontoni et al., 2002). Measurements were performed
at different distances covering the overall angular range Qmin = 0.007 A˚
1,
Qmax = 0.32 A˚
1, where Q = 4p(sinq)/l is the momentum transfer, and
l = 0.995 A˚ is the wavelength of the X-rays. Fifty frames of 0.5 s exposure
each separated by a 3 s pause were recorded for each protein solution and
buffer alike. Between successive frames, fresh solution was pushed into the
beam using an automated syringe. During exposure, the solution wasts reserved
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were checked for radiation damage (none was found).
Protein solutions in 20 mM HEPES (pH 7.5), 50 mM KCl, 5% glycerol were
studied over the concentration range 1.3–7 mg/ml. Data recorded at 1.3 and
3.5 mg/ml were identical down to Qmin, showing that they were free from
any interparticle interaction contribution. Smaller angle data at 3.5 mg/ml
were merged with larger angle data at 7 mg/ml to yield a final composite curve
that was used in subsequent analysis. Intensities were scaled using the scat-
tering by a 5 mg/ml solution of freshly prepared BSA (MW 69 kDa). The radius
of gyration and the intensity at the origin were calculated using the Guinier law
ln
IðQÞ
c
= ln
Ið0Þ
c

 
R2g
3
!
,Q2 (1)
over the angular range QRg < 1.0 (Guinier and Fournet, 1955). The pair distri-
bution function was determined using the indirect Fourier transform approach
as implemented in the Gnom program (Svergun, 1992). Alternative estimates
of the radius of gyration and the intensity at the origin were derived from the
calculated p(r).
Ab initio models were obtained using the program Gasbor (Svergun et al.,
2001). Ten models were obtained from independent runs. They were superim-
posed using the program Supcomb (Kozin and Svergun, 2001). Similarity be-
tween models is quantified using a normalized spatial discrepancy (NSD). The
lower the NSDvalues, themoresimilar are thecorrespondingmodels. Scattering
patterns from crystal structures were calculated using the program Crysol (Sver-
gun et al., 2001). Missing parts in the crystal structure, comprising three loops
and the N-terminal extremity of topo VI-A and both ends of topo VI-B, contribute
to scattering in solution. Because they are most likely highly mobile, their precise
conformation and location is not a critical issue, and certainly not when it comes
to determining their contribution to the SAXS pattern, that is, at low resolution.
They were therefore modeled in a conformation exposed to the solvent using
the TURBO program. Crysol has some intrinsic limitations in the determination
of the contribution of the hydration layer when the center of mass is outside of
the particle, as is the case for topo VI. To overcome this problem, the protein
was split into three fragments comprising the two topo VI-Bs down to residue
Lys460 and the topo VI-A dimer together with the C-terminal part (Glu461–
Glu530) of both topo VI-Bs. The scattering amplitudes of all three fragments
were calculated using Crysol, the hydration contribution being properly taken
into account, and subsequently combined to yield the final scattering intensities
of the whole molecule using a modified version of the program SASREF. Rigid-
body modeling was performed using SASREF (Petoukhov and Svergun, 2005).
The proteinwasdivided in three fragments asmentionedaboveexcept that each
topo VI-B subunit was cleaved between Pro476 and Glu477. The connectivity
between the three fragments was preserved during refinement by keeping the
distance between the Ca atoms of Pro
476 and Glu477 shorter than 4 A˚.
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